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Abstract 
The objective of this study was aimed to evaluate the fermentability of rice straw  hydrolysates by P.stipitis and 
proposed the fermentation process available. Both of glucose and xylose in mixture of dilute acid hydrolysate and 
enzymatic hydrolysate were completely utilized with an ethanol yield of 0.47 g/g. This result proved that the 
hydrolysate mixture was more suitable for ethanol fermentation by P.stipitis and this organism has shown great 
potential for the development of novel co-fermentation processes designed to obtain lignocellulosic ethanol 
production. 
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1. Introduction 
The Institute of Nuclear Energy Research (INER) in Taiwan has been funded to develop 
lignocellulosic ethanol production technology from local raw materials. Rice straw is one of the most 
abundant lignocellulosic feedstock in the world. In Asia, it is produced about 667.6 million tons annually 
[1]. Field burning is the major practice for removing rice straw, but it increases the air pollution and 
consequently affects the public health. With appropriate conversion these rice straw can potentially 
produce 187.2 billion liters ethanol per year. 
Based on the route of biochemical conversions, the ethanol production from lignocellulosic materials 
includes three major steps: biomass pretreatment, enzymatic hydrolysis and ethanol fermentation. 
Separate Hydrolysis and Fermentation (SHF) is one of the processes that have been tested more 
extensively for conversion of lignocellulosic materials into ethanol. Dilute acid pretreatment has been 
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considered to be a promising pretreatment technology up to the present [2]. The feedstock was generally 
catalyzed with dilute H2SO4 at high temperature. The hemicelluloses fraction was dissolved into aqueous 
solution and then generated a liquid as the acid hydrolysis hydrolysate. Once pretreatment is completed, 
the resulting cellulose fraction in solid residues was further hydrolyzed to glucose with cellulase. 
Afterward, the hydrolysates were fermented by suitable microorganisms and converted into ethanol.  
Pichia stipitis is a nature microorganism can ferment brand sugar including glucose and xylose into 
ethanol with higher efficiency. To evaluate the feasibility of cofermentation with Pichia stipitis was 
needed. Until now, the extensively studies on real hydrolysate fermentation with P.stipitis were still 
lacking. In the present works, we use rice straw hydrolysates to evaluate the fermentability by P.stipitis 
and investigated the feasibility of cofermentation process employed. The potential degradation 
compounds in the hydrolysate were also identified and evaluated the negative effect on ethanol 
fermentation.  
2. Materials and methods 
2.1. Raw material 
Rice straw used in this study was collected from a field near Longtan in Taoyuan, Taiwan. All of the 
straw were air-dried and then milled to give a size less than 1.0 cm. The chemical constituent of the raw 
material contained 36% glucose, 26% xylose, % arabinose, % acetic acid and 13% lignin. These materials 
were stored in the plastic bags at room temperature until further processed. 
2.2. Microorganism and culture conditions 
Pichia stipitis BCRC 21777 (CBS 6054) was procured from Bioresource Collection and Research 
Center (BCRC) in Taiwan. This yeast strain has been selected for adaptive evolution through transferred 
repeatedly with increasing sugar concentration. Stock cultures were maintained on YPD agar plates 
containing: 10 g/L of yeast extract, 20 g/L of peptone, 20 g/L of dextrose and 20 g/L of agar at 30°C for 
two days. Colonies from the plate were transferred by loop to a 250 mL Erlenmeyer flask containing 50 
ml of YPD medium. Inoculum was grown at 30°C for 16 h with agitation of 100 rpm in an orbital shaker 
prior to use. The YPD medium consisted of 10 g/L of yeast extract, 20 g/L of peptone and 20 g/L of 
dextrose was used for inoculums. 
2.3. Preparation of rice straw hydrolysate 
The rice straw material was performed using twin-screw extruder accomplished with follow-up hot 
water extraction. The sliced rice straw was first introduced into the twin-screw extruder at 50% solid 
content with 3% (w/w) of dilute sulfuric acid. The straw fed was squeezed with 130°C of temperature at 
50 rpm and then transferred to a hot water extraction reactor. The straw squeezed in the extraction reactor 
was further mixed with steam and sustained for 30 min at 160°C of reaction temperature with a nearly 
30% of solid content in the end of extraction operation. Under the circumstances the xylose released from 
the conversion of hemicelluloses and dissolved into aqueous phase as the acid hydrolysis hydrolysate. 
The solid residues and hydrolysate were then separated by filtration. Afterward, the effluent was treated 
with overliming method as detoxification process and the details were described elsewhere. The 
remaining solid residue was then stored until to the use of enzymatic hydrolysis later.  
The solid residue after dilute acid pretreatment was transferred to 1 L hydrolysis reactor until 1% dry 
matter (DM). The enzyme loading was set at 6.5 FPU/g DM using a commercial cellulase, Celluclast 
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1.5L with a filter paper activity of 60 FPU/ml. The hydrolysis test was performed at a constant 
temperature of 50°C for 72h. Then the hydrolysis mixture was centrifuged at 5000 rpm for 30 min to 
separate the enzymatic hydrolysis hydrolysates from lignin residue. These rice straw hydrolysates were 
readjusted to pH 5 and further kept at 4°C before fermentation. 
2.4. Fermentation condition  
The fermentation experiments were performed on dilute acid hydrolysate, enzymatic hydrolysis 
hydrolysate and the mixture of these two hydrolysates, respectively. Each hydrolysates in 50 ml were 
fermented by yeast P. stipitis at 30℃ in 250 ml shake flasks at 100 rpm and pH6. The fermentation broth 
was inoculated with 10% (v/v) inoculum culture to give an initial cell concentration of 0.4 g/L. 
2.5. Analytical methods 
All samples were filtered through a 0.22μm filter and diluted appropriately with eluent (4mM H2SO4). 
The quantitative analysis for sugars were performed at 45°C using an HPLC system (Agilent 1200 series, 
Agilent Technologies) equipped with a refractive index detector. The separation involved a polystyrene-
sulfonic acid column (Coregel-87H3 column with a length of 30 cm and an inner diameter 7.8 mm, 
Transgenomic Technologies) at 65°C with 4mM H2SO4 as the eluent at a flow rate of 1.0 ml/min. For 
qualitatively determining phenolic compounds, 0.5mL filtrate were extracted once with ethylacetate 
(1.0mL) by vortex, centrifuged (3000 rpm). Take upper layer (ethylacetate phase 0.5 mL) for 
trimethylsililation derivation reaction. Derivation procedures: after adding BSTFA (Bistrimethylsilyl 
trifluoroacetamide) 200µL, TMCS (Trimethylchlorosilane) 5µL into 5mL sample of ethylacetate 
extracted solution, mixed then heated at 75°C for 20min. All derivation reagents and solvent were 
supplied from Merck, Germany. The derivation solution was analyzed by a gas chromatography with 
mass spectrometer (GC-MS, Vaiana Inc, USA, Saturn 2000). The injection volume was set at 1µL with a 
split infector under 208°C with a carrier gas (He, 99.995%) at a flow rate 1 mL/min. The temperature 
program of separation column as transferline temperature of MSD was 300°C and 70eV for EI. 
3. Results and discussion  
3.1. Composition of rice straw hydrolysate 
The composition of each rice straw hydrolysate was shown in Table 1. In the dilute acid hydrolysate, 
the xylose monomer was the major sugar at a concentration of 32.5 g/L, which is twice as high as the 
glucose concentration. In addition, the glucose was the dominant partition of monosaccharide in the 
enzymatic hydrolysis hydrolysate. Either the glucose concentration 66.2 g/L or the total sugar 
concentration 80 g/L was higher than that in dilute acid hydrolysate significantly. The trace concentration 
of cellobiose was generated during enzymatic hydrolysis due to β-glucosidase inhibited from the 
accumulation of glucose. The lignocellulosic degradation product such as acetic acid, HMF and furfural 
are also released into hydrolysate after feedstock with a pretreatment and have been demonstrated to show 
a negative effect on ethanol fermentation[3]. Although a lot of detoxification methods have been 
developed to remove these potential inhibitors, the overliming process is still considered as the most 
economical methods and showed a capacity to remove the furan-derived compounds effectively. With 
overliming detoxification, the concentration of furfural was down to 0.15 g/L and below in the dilute acid 
hydrolysate, and HMF was not detectable. However, acetic acid is unable to be taken off via this 
detoxification method. 
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Table 1. Composition of rice straw hydrolysate 
Composition (g/L) Dilute acid hydrolysate Enzymatic hydrolysate Hydrolysate mixture 
cellobiose 0.00 3.69 1.85 
  glucose 16.22 66.17 41.20 
  xylose 32.46 10.25 21.36 
acetic acid 2.90 0.93 1.92 
  HMF 0.00 0.08 0.04 
furfural 0.15 0.61 0.38 
3.2. Fermentation of hydrolysate by P.stipitis 
These hydrolysates in this study were fermented by P. stipitis without any nutritional supplementation. 
In order to resemble in the practical manipulation for the ethanol industry, a 10 %( v/v) liquid inoculums 
was preformed at the beginning of fermentation. Fig.1 illustrated the change of sugars and ethanol 
production during fermentation and the relative parameters were summarized in Table 2. These results 
indicated that dilute acid hydrolysate fermented with P. stipitis produced 20.8 g/L ethanol with a yield of 
0.45 g/g at 60 hr. In previous reports, the ethanol yield from fermentation by P. stipitis was commonly in 
the range of 0.37-0.42 g/g as hemicellulose hydrolysate was prepared from aspen wood[4], Prosopis 
juliflora[5], sunflow seed hull[6] and corn stover[7].  
 
 
 
 
 
 
 
Fig.1. Ethanol production from a fermentation of (a) dilute acid hydrolysate; (b) enzymatic hydrolysate; (c) hydrolysate mixture. 
Table 2. The fermentation parameters on different rice straw hydrolysate 
Parameters 
Rice straw hydrolysate Synthetic medium 
Dilute acid 
hydrolysate 
Enzymatic 
hydrolysate 
Hydrolysate 
Mix 
100% 
xylose(40g/L) 
100% 
glucose(40g/L)
Maximum ethanol concentration (g/L) 20.8 30.8 26.8 17.2 15.2 
Ethanol yield(g/g) 0.45 0.5 0.47 0.43 0.38 
Ethanol production rate (g/L/h) 0.35 0.64 0.5 0.61 0.95 
Sugar consumption rate (g/L/h) 0.75 1.26 1.03 1.43 2.5 
Theoretical conversion rate(%) 88.2 98 92.1 84.3 74.5 
Fermentation time(h) 60 48 54 28 16 
 
With overliming process, most of the furan derivative such as furfural and HMF can be removed 
completely. Thus, weak acids and phenolic compounds are the dominant inhibitors in the detoxified 
hydrolysate. Interestingly, the content of acetyl group and lignin in original rice straw are relatively low 
in comparison with other lignocellulosic feedstock [8]. This characteristic was suggested that the higher 
ethanol yield maybe achieved in the fermentation of rice straw hydrolysates by P. stipitis due to less weak 
acids and phenolic compounds released after dilute acid pretreatment. The enzymatic hydrolysis 
hydrolysate contained 66.2 g/L glucose and 10.3 g/L xylose, and is different with that in acid hydrolysis 
hydrolysate. Fig. 1 showed that P. stipitis produced 30.8 g/L ethanol with a yield 0.50 g/g at 48 hr from 
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enzymatic hydrolysis hydrolysate. Previous studies have indicated that the presence of glucose should 
inhibit xylose utilization in fermentation for the mixture of sugar. Thus, the unspent xylose was suggested 
to be significantly resulted from abundant glucose in the progress of enzymatic hydrolysate. 
3.3. Evaluation the cofermentation process to produce ethanol  
When the hydrolysate mixture contain 41.2 g/L glucose and 21.4 g/L xylose was fermented by P.
stipitis, it produced 26.8 g/L ethanol at 54 h with a yield of 0.47 g/g, which is corresponding to a 92% of 
conversion. Both glucose and xylose in hydrolysate mixture were completely utilized to produce ethanol. 
This result has proved that the hydrolysate mixture was more suitable for ethanol fermentation by 
P.stipitis. Particularly, none of extra nutritional supplementation was preformed during hydrolysate 
fermentation. It means that the nutrient in the hydrolysate may be provided through the acid hydrolysis in 
pretreatment and was sufficient to support the need in fermentation by P. stipitis. In comparison with 
synthetic medium fermentation, the fermentation of rice straw hydrolysate by P. stipitis usually gave a 
higher ethanol yield with a relatively lesser rate in ethanol production and sugar consumption. This 
indicated that the hydrolysate overall gave a positive effect on fermentation by P. stipitis.  
3.4. Phenolic compounds in rice straw hydrolysate  
Furthermore, the effect of trace degradation products such as phenolic compounds should not been 
disregarded. Therefore, GC-MS was employed in this study to qualitatively explore he composition of 
phenolic compounds in the hydrolysate and the changes after overliming detoxification. Fig.2 was shown 
the chromatograph from GC-MS analysis for different phenolic compounds in rice straw hydrolysate. 
Among these compounds that have been identified, Vanillin (4-hydroxy-3-methoxybenzaldhyde) and 
sringaldehyde are commonly considered as fermentation inhibitors for ethanol production. Previous 
studies have indicated that phenolic compounds can partition into biological membranes and cause loss of 
integrity, thereby having inhibitory effect in the fermentation [9]. The most abundant furan-derived 
compounds in the hydrolysate were almost removed in the detoxified hydrolysate. This result was similar 
to that the removal of furfural from the overliming process.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig.2. Phenolic products in the (a) dilute acid hydrolysate and (b)overliming-treated hydrolysate.  
a b
1266  Wen-Heng Chen et al.\ / Energy Procedia 14 (2012) 1261 – 12666 Author name / Energy Procedia 00 (2011) 000–000 
4. Conclusion  
In this study, rice straw was used as raw material to produce ethanol with single fermentable strain, 
P.sitpitis has been evaluated. Without any nutritional supplementation, the ethanol yield were around 
0.45~0.5 g/g in the rice straw hydrolysates. Particularly, the high ethanol yield form rice straw 
hydrolysate mixture by P. stipits showed the potential of developing the cofermentation process. The 
lower constitutes of lignin and acetyl group in the rice straw is reflected the less inhibition during 
hydrolysate fermentation. Overliming employed was also effective in removing phenolic compounds. 
These results revealed a promising perspective to develop more attractive ethanol production process 
from rice straw as raw material using P.stipitis.
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